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MetalloproteinThe diheme enzyme MauG catalyzes a six-electron oxidation required for posttranslational modiﬁcation of a
precursor of methylamine dehydrogenase (preMADH) to complete the biosynthesis of its protein-derived
tryptophan tryptophylquinone (TTQ) cofactor. One heme is low-spin with ligands provided by His205 and
Tyr294, and the other is high-spin with a ligand provided by His35. The side chain methyl groups of Thr67 and
Leu70 are positioned at a distance of 3.4 Å on either side of His35, maintaining a hydrophobic environment in
the proximal pocket of the high-spin heme and restricting the movement of this ligand. Mutation of Thr67
to Ala in the proximal pocket of the high-spin heme prevented reduction of the low-spin heme by dithionite,
yielding a mixed-valent state. The mutation also enhanced the stabilization of the charge–resonance-transition
of the high-valent bis-FeIV state that is generated by addition of H2O2. The rates of electron transfer from TTQ
biosynthetic intermediates to the high-valent form of T67A MauG were similar to that of wild-type MauG.
These results are compared to those previously reported for mutation of residues in the distal pocket of the
high-spin heme that also affected the redox properties and charge resonance transition stabilization of the
high-valent state of the hemes. However, given the position of residue 67, the structure of the variant protein
and the physical nature of the T67A mutation, the basis for the effects of the T67A mutation must be different
from those of the mutations of the residues in the distal heme pocket.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The biosynthesis of the protein-derived cofactor [1,2], tryptophan
tryptophylquinone (TTQ) [3] in methylamine dehydrogenase (MADH)
[4] requires MauG, a 42 kDa c-type diheme enzyme [5]. In order to
complete TTQ formation, MauG catalyzes a series of posttranslational
modiﬁcations that result in a six-electron oxidation of a precursor ofone; MADH, methylamine
tein ofMADHwith incompletely
honehemeasFe(IV)_Oandthe
oxidation–reduction midpoint
–preMADH complex have been
l Sciences, College of Medicine,
do, FL 32827, USA. Tel.: +1 407
n).methylamine dehydrogenase (preMADH) that possesses a mono-
hydroxylated residue βTrp57 [6,7] (Fig. 1). The order of the reactions
that MauG catalyzes are (i) covalent crosslinking of βTrp57 to
βTrp108, (ii) insertion of a second oxygen atom into the side-chain of
βTrp57, and (iii) oxidation of the quinol species to the quinone [8].
MauG-dependent TTQ biosynthesis requires long-range interprotein
electron transfer (ET). In the crystal structure of a catalytically compe-
tent complex of MauG and preMADH from Paracoccus denitriﬁcans the
distances between the residues of preMADH that are modiﬁed to form
TTQ and each heme iron of MauG are 40.1 and 19.4 Å, respectively [9].
Site-directed mutagenesis, and kinetic and thermodynamic analyses
showed that the long range ET that is required for catalysis involves a
hole-hopping mechanism that is mediated by Trp199 of MauG [10,11].
The two ferric hemes of MauG are present in different spin states
[12]; a high-spin ﬁve-coordinate heme that is ligated by His35 and a
low-spin six-coordinate heme with two protein ligands provided by
His205 and Tyr294 [9]. The redox properties of MauG are distinct from
other diheme proteins [13]. During inter-conversions between the
Fig. 1. MauG catalyzed TTQ biosynthesis from preMADH. The posttranslational
modiﬁcations of preMADH which are catalyzed by MauG are highlighted in red.
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simultaneously suggesting that they have similar oxidation–reduction
midpoint potential (Em) values for the FeIII/FeII redox couple. A mixed-
valent state in which one heme is ferric and the other is ferrous was
not observed. However, spectrochemical redox titration of MauG
yielded two Em values of −159 and −254 mV which describe the
sequential addition or removal of one electron to or from the diheme
system. This phenomenonwas assigned to redox cooperativity between
the two hemes [14]. Furthermore, oxidation of diferricMauG byH2O2 or
diferrous MauG by O2 generates a novel high-valent bis-FeIV state of
MauG [15] in which the high-spin heme is present as FeIV_O with the
His35 ligand, and the other heme is present as FeIV with the His–Tyr
axial ligation retained [9]. This bis-FeIV species, which is required for
TTQ biosynthesis, is stabilized by an unusual charge–resonance transi-
tion in which the two FeIV hemes and Trp93, which resides between
the two hemes, share charge and spin via hopping-mediated ultrafast
ET [16].
MauG has been the subject of several studies in which site-directed
mutagenesis of residues in the diheme site (Fig. 2) were used to
elucidate structure–function relationships. Roles in stabilization of the
bis-FeIV state and TTQ biosynthesis activity have been described for
the Tyr294 ligand of the six-coordinate heme, and Trp93 which resides
between the two hemes [17–21]. Three residues in the distal pocket of
the high-spin ﬁve-coordinate heme were also examined. Pro107 was
shown to be critical in maintaining the proper structure of the distal
pocket of the high-spin heme, controlling the binding of exogenous
ligands, directing the reactivity of the heme-activated oxygen, andFig. 2. Structure of the diheme site of MauG. The MauG is shown in pink ribbon and the preMA
drawn in atoms colors (carbon, green), and irons are drawn as orange spheres. This ﬁgurewas
pymol.org/).minimizing the deleterious oxidation of other residues of MauG
[22,23]. Mutation of Gln103 signiﬁcantly affected the overall protein
stability of MauG and altered the redox properties of the hemes [24].
The carboxyl group of Glu113 was shown to be an important determi-
nant of the distribution of high-valent species that participate in
charge–resonance stabilization of the bis-FeIV redox state, as well as in
the maintenance of the redox cooperativity between the two hemes of
MauG [25].
This study is the ﬁrst to examine the importance of a residue in the
proximal heme pocket of the high-spin heme of MauG. Typically
hemes that react with O2 or H2O2 exhibit hydrogen-bonding interac-
tions between the conserved proximal His ligand and neighboring
residues. These hydrogen bonds are believed to stabilize the FeIV state
of the heme. MauG is distinct from these other heme proteins in that
the proximal His35 ligand of its high-spin heme is surrounded by
hydrophobic residues. Side chain methyl groups of two residues,
Thr67 and Leu70, are positioned at a distance of 3.4 Å on either side of
the His35 ligand, maintaining a hydrophobic environment and
restricting the movement of the His35 side-chain. In this study it is
shown that replacement of Thr67 with Ala signiﬁcantly alters the
redox properties of the hemes of MauG and nature of the high-valent
state of the diheme system inways that have not been seen for previous
site-directed mutations of MauG.
2. Materials and methods
2.1. Protein expression and puriﬁcation
Recombinant MauG [5] and preMADH [6] were puriﬁed from
P. denitriﬁcans and Rhodobacter sphaeroides, respectively, as described
previously. Thr67 of MauG was converted to Ser and Ala by site-
directed mutagenesis of double-stranded pMEG391, which contains
mauG, using the Phusion site-directed mutagenesis kit (New England
Bio Lab). The recombinant MauG variant proteins were homologously
expressed in P. denitriﬁcans and isolated from the periplasmic fraction
as described for recombinant wild-type (WT) MauG [5].
2.2. Redox titrations
Em values of T67A MauG were determined by anaerobic
spectrochemical titrations, as described previously for WT MauG using
FMN as a mediator [26] and sodium dithionite and potassium ferricya-
nide as reductant and oxidant, respectively. The fraction of MauG that
was reduced was determined by comparison with the spectra of theDH as blue ribbon. The hemes and key residues involved in the maturation of MADH are
produced from PDB ID: 3L4M (theMauG–preMADH complex) using PyMOL (http://www.
Table 1
X-ray crystallography data collection and reﬁnements statisticsa.
Data collection
Space group P1
Unit cell lengths (Å) 55.53 × 83.52 × 107.78
Unit cell angles (°) 109.94 × 91.54 × 105.78
Wavelength (Å) 1.003317
Resolution (Å)a 29.66–2.80 (2.89–2.80)
Completeness (%)a 93.6 (98.1)
Measured reﬂections 98,679
Unique reﬂections 39,896
Rmerge (%)a,b 11.9 (20.9)
I/σIa 5.2 (1.9)
Multiplicitya 1.9 (1.9)
Reﬁnement
Rworkc 0.1937
Rfreed 0.2564
Protein atoms 13,299
Ligand atoms 121
Solvent atoms 6
Ramachandran statisticse
Allowed 99.00%
Outlier 1.00%
Root mean square deviation
Bond lengths (Å) 0.0109
Bond angles (°) 1.7098
Average B factor (Å2) 38.51
Protein data bank ID 4Y5R
a Values in parentheses are for the highest resolution shell.
b Rmerge = Σi |Ihkl,i− ‹Ihkl›|/Σhkl Σi Ihkl,i, where I is the observed intensity and ‹Ihkl› is the
average intensity of multiple measurements.
c Rwork= Σ||Fo|− |Fc||/Σ|Fo|, where |Fo| is the observed structure factor amplitude, and |
Fc| is the calculated structure factor amplitude.
d Rfree is the R factor based on 5% of the data excluded from reﬁnement.
e Based on values attained from reﬁnement validation options in COOT.
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the absorbance at 550 nm. Data were ﬁt to Eq. (1), which describes the
redox behavior of a system with a single redox-active center, and
Eq. (2), which describes the redox behavior of a system with two
redox active centers, where a is the fraction of the total absorbance
change attributable to one center and (1 − a) is the fraction of the
total absorbance change attributable to the other.
E ¼ Em þ 2:3RT=nFð Þ log MauGoxi½ = MauGred½ ð Þ: ð1Þ
Fraction reduced ¼ a
.
1þ 10 E‐Em1ð Þ=0:059 Vð Þ
h i
þ 1‐að Þ
.
1þ 10 E‐Em2ð Þ=0:059 Vð Þ
h i
:
ð2Þ
2.3. Resonance Raman spectroscopy
Resonance Raman spectra were recorded using a Raman spectrome-
ter consisting of a Spex model 1877 triple spectrograph and a CCD
detector as reported previously [26]. A 406.7 nm line from an argon–
krypton ion laser (Spectra-Physics BeamLok model 2080-KV) was
used as the excitation source, and the Raman signal was collected in a
120° geometry. The laser power was adjusted to ~5 mW at the sample.
Each spectrum was recorded with a 60 s accumulation time, and 10
repetitively measured spectra were averaged to improve the quality of
the ﬁnal spectrum. The frequencies of the Raman bandswere calibrated
using the standard spectrum of cyclohexane. Samples contained
0.15 mM protein in 50 mM potassium phosphate buffer, pH 7.5, and
spectra were recorded at 25 °C.
2.4. Electron transfer reactions to bis-FeIV MauG
The single-turnover kinetics of the reactions of preMADHand quinol
MADH with bis-FeIV MauG were studied as described previously [27]
using an On-line Instrument Systems (OLIS, Bogart, GA) RSM stopped-
ﬂow spectrophotometer. Kinetic data collected in the rapid-scanning
mode were globally ﬁt using the ﬁtting routines of OLIS Global Fit.
Each reaction was performed in 10 mM potassium phosphate buffer,
pH 7.5, at 25 °C. Each reaction mixture contained 2.0 μM of the limiting
reactant, eitherWT or T67A bis-FeIV MauG, whichwas generated with a
substoichiometric concentration of H2O2 to ensure that excess
unreacted H2O2 was not present after bis-FeIV formation. Saturating
concentrations of the substrates were used; either 8 μM preMADH or
35 μM quinol MADH.
2.5. Crystallization and X-ray structure determinations of the T67A
MauG—preMADH complex
To crystallize the T67A MauG—preMADH complex, the proteins
were added in a 2:1 ratio to give a protein solution containing 68 μM
for T67A MauG, 34 μM for preMADH, 100 mM NaCl, 50 mM potassium
phosphate buffer, pH 7.5. The protein solution was centrifuged at
13,400 rpm for 30min prior to settingup the crystallization experiment.
Crystallization conditions were similar to those of WT MauG/preMADH
using hanging drop vapor diffusion [9]; the reservoir solution contained
26–30% PEG 8000, 0.1 M sodium acetate, 0.1 M MES, pH 6.4. To obtain
diffracting crystals, 1 μL of protein solution was mixed with 3 μL of
reservoir solution. Crystals appeared after 2 days, and grew to full size
in 3 weeks. Crystals were cryo-protected in artiﬁcial mother liquor
containing reservoir solution and 10% PEG 400.
Diffraction datawere collected at 100 K, on GM/CA beamline 23-ID-B
of the Advanced Photon Source (APS), Argonne National Laboratory,
Argonne, IL. The diffraction data are isomorphous with those of the
triclinic WT MauG—preMADH complex [9]. Data were processed by
XDS [28], and the structure was solved by difference Fourier. Themodel used for phasing was the WT MauG—preMADH structure (PDB
ID: 3L4M) with solvent and ligands removed. Restrained reﬁnement
was performed with Refmac5 [29] in the CCP4 program suite [30], and
model building was conducted in Coot [31].3. Results
3.1. Protein expression
Thr67 was converted to Ser and Ala by site-directed mutagenesis.
T67S MauG was not detected in the expression system. This suggests
that this mutation either disrupted the biosynthesis of MauG or
decreased its stability, or both. T67A MauG was expressed; however,
the yield of the puriﬁed protein was typically two to ﬁve-fold less
than that of recombinant WT MauG.3.2. X-ray crystal structure of the T67A MauG—preMADH complex
The overall structure of the T67A MauG—preMADH complex was
very similar to that of the WT MauG—preMADH complex [9], although
the resolution was only to 2.8 Å compared to 2.1 Å for the WT complex
(Table 1). Crystals of equivalent size to those of the WT MauG—
preMADH complex could not be obtained for the T67A MauG—
preMADH complex even with seeding, and this may explain the lower
resolution. The mutation of Thr67 to Ala was clearly observed in the
2Fo− Fc electron density and Fo − Fc difference map (Fig. 3A). Other
residues in the proximal and distal pockets of the high spin heme
were not perturbed by the mutation, within error (Fig. 3B). As such,
the structural environment around thehigh-spin hemewasmaintained,
although at this resolution the presence of structured water in the
absence of the Thr side-chain cannot be ruled out.
Fig. 3. Crystal structure of T67A MauG–preMADH complex. (A) Electron density at the T67A mutation site. Negative Fo− Fc electron density shown as red mesh contoured at−3σ from
phasingwithWTMauG–preMADHmodel (green, PDB ID: 3L4M). 2Fo− Fc electron density shown as bluemesh contoured at 1σ. (B) Overlay of the high-spin hemeproximal pocket ofWT
MauG (pink) and T67A MauG (green)–preMADH crystals. Hemes and residues of interest are drawn in sticks colored by atom, with the remaining protein shown in cartoon. The iron is
displayed as an orange sphere. This ﬁgure was produced from PDB ID: 3L4M (the MauG–preMADH complex) using PyMOL (http://www.pymol.org/).
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oxidized and reduced forms of MauG
The absorbance spectrum of diferric T67A MauG is similar to that of
WTMauG except for a 2 nm blue shift of the Soret peakmaximum and a
slight broadening of the Soret peak (Fig. 4). Anaerobic reductive titra-
tion of WT MauG with dithionite requires two electron equivalents
and yields the spectrum of the diferrous enzyme with an increase in
intensity and red shift of the Soret peak to 418 nm with a shoulder at
427 nm, and appearance of the α and β bands at 550 nm and 524 nm,
respectively [5]. In contrast, the spectral changes of T67A MauG that
resulted from addition of dithionite were complete after addition of
only one electron equivalent and further addition of dithionite resulted
in no additional spectral changes. The resulting spectrum (Fig. 4) was
different than that of fully reduced WT MauG and exhibited a small
Soret peak shift to 412 nm without an increase in intensity and with a
more pronounced shoulder at 427 nm. The α and β bands were not
well resolved. These results are consistent with a mixed-valent state
in which only one heme has been reduced. A mixed-valent state was
not observed for WT MauG, or all but one of the many other variant
MauG proteins which have been previously studied [7,10,17,18,22,26].
The exception is E113Q MauG, which like T67A MauG could only be
reduced by dithionite to a mixed-valent state which exhibited an
absorbance spectrum very similar to that of T67A MauG [25].
It is difﬁcult to distinguish the spin states of the hemes by absor-
bance spectroscopy. However, bands in the resonance Raman spectrum
are sensitive to oxidation state and spin state [32–34]. The resonance
Raman spectra of diferric WT MauG and T67A MauG are essentiallyFig. 4. Absorption spectra of WTMauG (A) and T67AMauG (B). A) Spectra are overlaid of 2 μMidentical (Fig. 5). In each, the oxidation state marker band (ν4) is
centered at 1374 cm−1 indicating that both hemes are in the ferric
state. Each spectrum contains ν3 bands at 1478−1 and 1501 cm−1,
which correspond to the high-spin and low-spin hemes, respectively.
After addition of dithionite, the spectra of WT MauG and T67A MauG
were different (Fig. 5). The spectrum of WT MauG shows a single ν4
band that is centered at 1359 cm−1 indicating that both hemes are in
the ferrous state and the ν3 bands have shifted to 1467−1 and
1492 cm−1 for the high-spin and low-spin hemes, respectively. In con-
trast, the spectrumof T67AMauG shows two ν4 bands of approximately
equal intensity centered at 1359 cm−1 and 1374 cm−1, indicating that
one heme is FeIII and one is FeII. The ν3 band for the high-spin heme ex-
hibits the same shift as seen in theWTMauG spectrum indicating that it
is the ferrous heme. The position of theν3 band for the low-spin hemeat
1501 cm−1 indicates that it is still ferric. These results indicate that the
absorption spectrum of dithionite-reduced T67A MauG in Fig. 4B is in-
deed that of a mixed-valent state with the high-spin heme as FeII and
the low-spin heme as FeIII. Addition of CO to the dithionite-reduced
T67A MauG resulted in changes in the resonance Raman spectrum
which indicated that CO did bind to the high-spin ferrous heme iron.
This indicates that the mutation did not affect the accessibility of the
high-spin heme to external ligands.
3.4. Effect of the T67A mutation on the Em values of MauG
Spectrochemical titrations of T67AMauG yielded linear plots that ﬁt
well to Eq. (1) and yielded an Em value of−158± 1mV and an n value
of 1.16 ± 0.04 (Fig. 6). Fitting the data to Eq. (2) also yielded only adiferric protein before (solid line) and after (dashed line) reduction by sodium dithionite.
Fig. 5. Resonance Raman spectra of oxidized and reducedWTMauG (A) and T67A MauG
(B). Spectra are overlaid of the diferric protein before (black line) and after reduction by
dithionite (red line). Marker bands and their frequencies are indicated. HS and LS refer
to high-spin and low-spin heme.
Fig. 6. Spectrochemical redox titration of T67AMauG. The solid line is the ﬁt of the data by
Eq. (1).
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inappropriate. These results are consistent with only a single heme in
T67A MauG being reduced. This is in contrast to WT MauG which
exhibits two Em values of−158 mV and−246 mV that correspond to
the sequential addition or removal of the ﬁrst and second electrons
to or from the diheme system, respectively [26]. It is noteworthy
that E113Q MauG, which also could only be reduced to the mixed
valent state, also yielded a single Em value. However, that value
was−196 mV [25].
3.5. Effects of the T67A mutation on the reaction of MauG with H2O2
Reaction of diferric WT MauG with stoichiometric H2O2 results in
the formation of a bis-FeIV redox state [15] which is accompanied by
changes in the absorbance spectrum (Fig. 7). In the visible spectrum
one observes a decrease in intensity and shift of the Soret peak from
406 nm to 408 nm and appearance of minor peaks at 526 and 559 nm
[16,27]. In the near infrared (NIR) absorbance spectrum an absorption
feature appears which exhibits a maximum at 950 nm. This absorbance
at 950 nm has been attributed to a charge–resonance-transition phe-
nomenon, involving the two hemes and the intervening Trp93 residue,
which stabilizes the bis-FeIV state [16]. These spectral changes form very
quickly (kN 300 s−1) [27] and subsequently return over severalminutes
to the spectrumof the diferricMauG. Very similar spectral changeswere
observed after reaction of T67A MauG with stoichiometric H2O2. How-
ever, the magnitude of change at the Soret region for T67A MauG was
greater than that of WT (Fig. 7). The rates of return to the starting spec-
trum (Fig. 7E) in the Soret regionwere similar; 0.167±0.004min−1 for
T67A MauG and 0.152 ± 0.010 min−1 for WTMauG. The magnitude of
change of the NIR absorbance feature at 950 nm for T67A MauG was
similar for WT MauG, however; the rate of decay was much slower for
T67A MauG (Fig. 7F).
3.6. Effects of the T67A mutation on electron transfer reactions of bis-FeIV
MauG
It is possible to study two ET reactions involving the bis-FeIV state of
MauG using single-turnover kinetics [27,35]. The reaction with
preMADH is the ﬁrst step in the six-electron oxidation reaction of
MauG-dependent TTQ biosynthesis and the reaction with quinol
MADH is the last step in overall reaction. The reactions with saturating
concentrations of preMADH yielded rate constants of 0.54 ± 0.05 s−1
for WT MauG and 0.45 ± 0.08 s−1 for T67A MauG. The reactions with
saturating concentrations of quinol MADH yielded rate constants of
20.5 ± 2.3 s−1 for WT MauG and 16.4 ± 1.8 s−1 for T67A MauG.
Thus, the T67A mutation has had little effect on these two ET reactions
involving the bis-FeIV state of the diheme enzyme.
4. Discussion
A distinguishing feature of MauG is that it possesses two hemes that
are physically separated yet function as a single two-electron diheme
redox center [13,36]. During the interconversion between the diferric
and diferrous states the two hemes reduce and oxidize simultaneously
but exhibit two Em values that are associated with this redox couple
because of redox cooperativity between the hemes [26]. A mixed-
valence state is not observed. Similarly the interconversion of the two
hemes from the diferric state to the bis-FeIV state occurs simultaneously
[15]. The formation and relatively long lifetime of this bis-FeIV state are a
consequence of charge–resonance-transition [16] that is achieved
through ultrafast ET between hemes that ismediated by the intervening
Trp93 residue. In this model the bis-FeIV state is the dominant species,
but is part of an ensemble of resonance structures including compound
ES-like and compound I-like forms of the high-spin heme [16].
The observation that only the high-spin heme of T67A MauG was
reduced by dithionite suggests that the T67A mutation has caused the
Fig. 7. Visible absorption spectra of diferricWTMauG and T67AMauG before and after addition of H2O2. Spectra are overlaid of the Soret regions of the spectra ofWTMauG (A) and T67A
(C), and the higher wavelength and NIR regions of the spectra of WTMauG (B) and T67A (D), before (solid line) and after (dashed line) addition of a stoichiometric amount of H2O2. The
time courses for the reversal of the spectral changes at 405 nm (E) and 950 nm (F) that were caused by addition of H2O2 are shown for WT (solid line) and T67A MauG (dashed line).
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dithionite. Not only would this be an unusually negative Em value for a
heme iron, but also it is not evident how mutation of a residue in the
proximal pocket of the high-spin heme would alter the Em value of the
low-spin heme. It was previously shown that an E113Q mutation
disrupted the redox cooperativity of the FeII/FeIII redox couple in
MauG and this variant could also only be reduced by one electron to a
mixed-valent state [25]. Since the only signiﬁcant structural difference
caused by that mutation was the loss of a negative charge in the distal
pocket of the high-spin heme, it was suggested that this change
prevented the low-spin heme from being reduced by dithionite. A
similar result is observed with the T67A mutation, although this muta-
tion does not alter the electrostatic environment of the distal heme
pocket. Thus, the mechanistic basis for the disruption of the redox
cooperativity in T67A MauG must be different from that postulated for
E113Q MauG.
Whereas the effects of the T67A mutation on the spectroscopic and
redox properties of the oxidized and reduced forms of MauG were
similar to those caused by the E113Q mutation, the effects on thereaction with H2O2 were quite different [25]. With E113Q MauG only
a small red shift of the left side of the Soret peak was observed upon
oxidation and the two new peaks at 526 and 559 nm observed in WT
and T67A MauG were absent. However, the NIR absorbance feature at
950 nm was observed for E113Q MauG, but with a weaker intensity.
Furthermore, its rate of formation was much slower (~4 s) than
observed for WT MauG and the rate of decay was faster. With T67A
MauG the spectral changes causedby addition ofH2O2were qualitatively
similar to WT MauG with increased intensity, and while the rate of the
spontaneous reversal of the spectral changes in the Soret region was
similar to WT MauG, the rate of decay of the absorbance at 950 nm
was much slower. It should be noted that the 950 nm peak in the NIR
spectrum derives from a charge–resonance-transition phenomenon
that is correlatedwith an ensemble of resonance structures that includes
bis-FeIV. Thus, the magnitude of this peak does not necessarily correlate
with the proportion of bis-FeIV (or any one resonance structure) within
the ensemble. Thus, it appears that the T67A mutation has stabilized
the charge–resonance-transition of the diheme site, whereas the
previous E113Q mutation destabilized it.
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bis-FeIV stabilization in MauG [16] is that replacement of amino acid
residues in close proximity to either heme may inﬂuence the distribu-
tion of the resonance structures. It was proposed that the E113Q
MauG mutation altered the distribution of resonance structures such
that the bis-FeIV state was no longer the dominant species. As such,
the unfavorable resonance equilibrium for bis-FeIV stabilization limited
the availability of the bis-FeIV species, thus reducing the rate of its reac-
tionwith substrate. These resultsmay also be compared to those caused
bymutation of Gln103, another residue in the distal pocket of the high-
spin heme (see Fig. 3). Q103NMauG retained the redox cooperativity of
the hemes and spectroscopic features of the bis-FeIV state after addition
of H2O2. However in this case, the rate of the reversal of the spectral
changes in the Soret region was 4.5-fold greater than for WT MauG
while the rate of decay of the absorbance at 950 nm was similar to
WT MauG. The results obtained for Q103N MauG further suggested
that as a consequence of the mutation of this residue in the distal
heme pocket, a different distribution of resonance structures stabilizes
the bis-FeIV state.
4.1. Summary
The results with T67A MauG are distinct from previous studies. This
is the ﬁrst study that shows that mutation of a residue on the proximal
side of the high-spin heme can affect the distribution and stabilization
of resonance forms of the high-valent state of MauG, in addition
to disrupting the redox cooperativity of the diferric/diferrous
redox couple. Furthermore, with T67A MauG the charge–resonance-
stabilization is longer lasting as evidenced by the much slower decay
of the 950 nm absorbance. Initially, after H2O2 addition to T67A MauG
it appears that the bis-FeIV state is the dominant resonance species.
The spontaneous rate of reversal of the changes in the Soret region is
similar to that of WT MauG. The much slower reversal of the changes
in the NIR region suggests that during the ﬁrst few minutes after H2O2
addition there is a shift to a more stable distribution of resonance struc-
tures in which the “true” bis-FeIV state is no longer dominant. This does
not affect the reactivity of the bis-FeIV state towards substrates because
those catalytic reactions occur prior to this redistribution of resonance
structures. The demonstration that multiple amino acid residues in
different regions of the diheme site of MauG can inﬂuence the distribu-
tion of resonance structures that are associated with the bis-FeIV of
MauG is intriguing and forms a basis for future studies to fully under-
stand the nature of this charge–resonance-transition phenomenon
that allows remarkable stabilization of the high-valent state of the
diheme site of MauG.
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